Abstract Removals of MS2 bacteriophage virus using different membrane materials under different operating pressures were investigated. The results obtained in this study suggested that a better log removal in terms of MS2 bacteriophage virus could be achieved using Polyamide RO membrane under the optimum operating pressure of 100 psi. It is further noted that variable MS2 influent concentration levels resulted in corresponding variable log removals of the bacteriophages by the Polyamide RO membrane. The presence of MS2 bacteriophage virus in the effluent could possibly be due to leakage of bacteriophages through the membranes structure. Investigations using SEM and AFM showed that there were gaps or pores present in the membrane structure which were sufficiently large for the MS2 viruses to pass through.
Introduction
Control of microorganisms by water reclamation processes has been a major concern to the public and water reclamation industry. The potential toxicological effect caused by disinfection by-products (DBPs) associated with chlorine disinfection in water and wastewater effluent has prompted research to seek alternative disinfection methods that could minimize environmental and public health impacts. Membrane technology has been suggested as a potential system that could achieve the desired objective of minimizing public heath impact associated with disinfection. Comparing the size of viruses and the nominal cut-off sizes of membranes, viruses should be completely removed by ultrafiltration or nanofiltration membranes. However, several reports have shown that these membranes cannot serve as complete barriers for viruses (Sorber, 1972; Collins and Dwyer, 1996; Otaki et al., 1998) . In the past, reverse osmosis (RO) membranes, which are commonly used in various water reuse projects, are mainly used to remove salts and organic materials. However, emphasizing the use of RO membranes for virus removal in water reclamation systems is a relatively new concept in the water industry, which is becoming an important issue in recent years. A review of literature revealed that viruses could still be found in the permeates of RO systems although the "pore size" of RO membranes (<1 nm) are much smaller than the size of virus which is normally larger than 25 nm. However, no conclusions were made as to whether the presence of viruses was due to defective connection parts or the RO membrane structure. Inconsistent results in spiked tests performed also give an uncertainty as to the effect of different influent virus concentrations on performance of membranes (Adham et al., 1998) .
In view of the above, it is the objective of this study to investigate the effect of operating pressures and membrane types and materials on the removal of viruses using MS2 bacteriophage as the model virus. MS2 virus was used in this study as its size (25 nm) is comparable with that of indigenous virus. The most effective membrane material under optimum operating pressure was determined and an acid test using variable influent MS2 bacteriophage virus concentrations was also performed. MS2 (ATCC15597-B) was propagated based on the method reported by Debartolomeis and Cabelli (1991) . The resultant stock was tittered by the agar overlay technique (Adams, 1959) . Tryptic soya broth (TSB) was used as the media in all studies.
In the benchscale study, three different membrane materials were compared for their effectiveness in terms of MS2 bacteriophage removal. The materials studied were cellulose acetate, polyamide and polysulphone. The membranes were divided into three main categories: namely, UF, NF and RO. The operating pressures studied are summarized in Table 1 .
The benchscale setup consisted of two square stainless steel test cell units with the flat sheet membranes embedded in between (as shown in Figure 1 ). Before the actual testing of the membranes, an initial testing was performed using an empty test cell (without membrane) to determine how much of the initial virus concentration could be adsorbed by the stainless steel tank, piping and blank test cell.
Results and discussions Pressure and materials
Initial testing showed that the test cell unit did not exert much effect on the concentration of viruses (<0.1 log removal). As shown in Figure 2 , Polyamide UF membrane was able to achieve a higher log removal than Polysulphone UF membrane. The result shown in Figure  3 suggested that Polysulphone (PS) NF membrane gave a higher log removal than Cellulose acetate (CA) NF membrane. It is further noted that Polyamide (PA) RO membrane yielded a higher log removal than Cellulose acetate (CA) RO membrane ( Figure 4 ). With the different membranes materials studied, Polyamide (PA) membrane was the most effective membrane for MS2 bacteriophage removal compared with Polysulphone and Cellulose Acetate. The PA and PS membrane carried a slight negative charge while the CA membrane was neutral. MS2 bacteriophages has an isoelectric point of 3.9 which suggests that they would have net negative charge above pH 3.9 (Sakoda et al., 1997) . It was possible to remove viruses by electrostatic repulsion if the viruses and membrane were of similar charge (Beeby, 1989) .
Under the variable operating pressures studied, UF membranes were able to achieve a range of 0.37 to 1.83 log removal while NF attained a range of 1.93 to 3.05 log removal. In contrast, RO was capable to achieve a range of 3.52 to 4.40 log removal. Viruses were removed by size exclusion if the pores sizes of the membrane were smaller than viruses (Deinzer et al.,1978) . As expected, the RO membranes were able to achieve the highest log Figure 1 Schematic diagram of benchscale setup removals due to their smallest "pore sizes" followed by NF and UF. The results obtained from the operating pressure study suggested that pressure has relatively little effect on the log removals of MS2 bacteriophage viruses. This finding was in agreement with the results reported by Collins and Dwyer (1996) . A closer examination on the results obtained suggested that a lower operating pressure would lead to a marginally higher log removal of MS2 bacteriophage viruses (Figures 2-4) . This is because a higher operating pressure could actually force more MS2 bacteriophage viruses through the membrane pores that are larger than the diameter of the viruses.
Acid test
In the acid test performed, polyamide RO membrane was used along with an optimum operating pressure of 100 psi. Variable influent virus concentration levels of 10 6 ,10 7 and 10 8 pfu/ml were used during the acid test as shown in Table 2 . Permeate quality of the test was almost similar even with different influent quality as shown in Figure 5 . This finding seemed to suggest that variable influent concentration levels would result in variable log removals of the RO membrane, with a higher log removal at the higher influent virus concentration. Possible reasons for the presence of MS2 bacteriophage in the RO permeate included improper membrane structure such as abnormally big pores, and deformation of MS2 virus under high pressure. Deformation of a virus seemed unlikely to be true under low pressure conditions (100 psi). This is because it has been reported that as high as 500 bar of operating pressure was required to cause structural changes in a virus (known as pressure denaturation) (Prevelige et al., 1994) . This observation suggested that leakage through the unusually big pores of the membrane was the most probable reason. In view of this, an SEM analysis was conducted on the membrane to identify the structure as well as the possibility of the presence of abnormally big pores. The SEM viewing was also used to study the behaviour of virus being trapped on the membrane structure itself.
A very high magnification would be needed to view the MS2 viruses with diameter of 25 nm. In this study, a low accelerating voltage was used as the membranes and viruses could be easily damaged by the electron beam under high accelerating voltage especially when only a few seconds are needed. As shown in Figure 6 , many cotton-like "loops" with the shape of red blood cells were observed over the micrographs, giving a "furry" structure of PA membrane. As a form of control, purified concentrated MS2 bacteriophage solution was added onto Polyamide (PA) RO 1.82 × 10 6 1.43 × 10 7 1.08 × 10 8 Figure 6 Overall view of new polyamide membrane Figure 7 Overall view of polyamide membrane with concentrated MS2 bacteriophage Figure 8 Overall view of polyamide membrane after 1 hr bench-scale test the PA membrane to find out the shape and size of the bacteriophages themselves. As shown in Figure 7 , a cluster of viruses was observed at the shaded area in the centre of the micrograph. It seemed that the viruses settled or trapped themselves onto the flat surface of the PA membrane. MS2 viruses trapped onto the surface and in gaps bigger than the diameter of viruses were seen as black areas in the lower layers. This implied that MS2 viruses could also be trapped in the "canyons" as well. As shown in Figure 8 , some MS2 viruses were seen in the shaded areas trapped onto the surface of the PA membrane after 1hr bench-scale test. As the PA membrane structure consists of many loops in the form of spherical shape and the size in nm, it would not be easy to differentiate the MS2 virus from the loops. Figure 9 showed that the membrane surface actually had many loops of certain thickness. Therefore, MS2 viruses could actually be trapped beneath the membrane surface. Probably during the passage through these loops, there were some gaps which are big enough for the MS2 viruses to pass through which resulted in leakage through the membrane itself.
AFM was also used to measure the estimated pore size of the polyamide membrane. It can be seen in the AFM plan view image in Figure 10a , the pores of the membrane are found in the shaded areas in between the many "loops". The horizontal distance between 2 markers of the same colour given by each cross sectional view image is the size of each pore as shown in Figure 10b . The nominal pores of the RO membrane measured are 3-4 nm. However, the biggest pore spotted using the AFM is about 23 nm (MS2-25 nm in size) as shown in Figure  10b . This shows that the membrane itself has abnormally large pores compared to the nominal pores. This meant that MS2 could actually pass through some of these abnormally large pores under pressure which explained why MS2 could be found in the permeate.
Conclusion
RO Polyamide membrane was found to be the most effective membrane in removing MS2 bacteriophage under the optimum operating pressure of 100 psi. Acid test results showed that variable influent concentration levels resulted in variable log removals of the RO membrane with almost similar permeate quality produced. Leakage of MS2 bacteriophages through the abnormally large pores of the membranes was a possible reason. Investigations using SEM and AFM showed that the MS2 bacteriophages were most likely to pass through pores which were sufficiently big enough.
